Laser-induced magnetization precessional dynamics was investigated in epitaxial films of Mn 3 Ge, which is a tetragonal Heusler-like nearly compensated ferrimagnet. The 
Among the various types of magnetization dynamics, coherent magnetization precession, i.e., ferromagnetic resonance (FMR), is the most fundamental type, and plays a major role in rf spintronics applications based on spin pumping [1] [2] [3] [4] [5] and the spin-transfer-torque (STT).
6,7
Spin pumping is a phenomenon through which magnetization precession generates dc and rf spin currents in conductors that are in contact with magnetic films. The spin current can be converted into an electric voltage through the inverse spin-Hall effect. 8 The magnitude of the spin current generated via spin pumping is proportional to the FMR frequency f FMR ; 4,5 thus, the output electric voltage is enhanced with increased f FMR . In the case of STT oscillators and diodes, the f FMR value for the free layer of a given magnetoresistive devices primarily determines the frequency range for those devices. 9, 10 An STT oscillator and diode detector at a frequency of approximately 40 GHz have already been demonstrated; [11] [12] [13] therefore, one of the issues for consideration as regards practical applications is the possibility of increasing f FMR to hundreds of GHz or to the THz wave range (0.1-3 THz).
11,14
One simple method through which f FMR can be increased utilizes magnetic materials with large perpendicular magnetic anisotropy fields H eff k and small Gilbert damping constants α. 13, 15, 16 This is because f FMR is proportional to H eff k and, also, because the FMR quality factor and critical current of an STT-oscillator are inversely and directly proportional to α, respectively. The H eff k value is determined by the relation H eff k = 2K u /M s − 4πM s for thin films, where K u and M s are the perpendicular magnetic anisotropy constant and saturation magnetization, respectively. Thus, materials with a small M s , large K u , and low α are very favorable; these characteristics are similar to those of materials used in the free layers of magnetic tunnel junctions integrated in gigabit STT memory application. 17 We have previously reported that the Mn-Ga metallic compound satisfies the above requirements, and that magnetization precession at f FMR of up to 0.28 THz was observed in this case.
18
A couple of research groups have studied magnetization precession dynamics in the THz wave range for the FePt films with a large H eff k , and reported an α value that is a factor of about 10 larger than that of Mn-Ga. [19] [20] [21] Thus, it is important to examine whether there are materials exhibiting properties similar to those of Mn-Ga exist, in order to better understand the physics behind this behavior.
In this letter, we report on observed magnetization precession at f FMR of more than 0.5
THz for an epitaxial film of a Mn 3 Ge metallic compound. Also, we discuss the relatively small observed Gilbert damping. Such THz-wave-range dynamics can be investigated by means of a THz wave 22 or pulse laser. Here, we use the all-optical technique proposed previously; 23 therefore, the mechanism of laser-induced magnetization precession is also discussed, because this is not very clearly understood.
Mn 3 Ge has a tetragonal D0 22 structure, and the lattice constants are a = 3.816 and c = 7.261Å in bulk materials [ Fig. 1(a) ]. 24, 25 The Mn atoms occupy at two non-equivalent sites in the unit-cell. The magnetic moment of Mn I (∼ 3.0 µ B ) is anti-parallel to that of Mn II (∼ 1.9 µ B ), because of anti-ferromagnetic exchange coupling, and the net magnetic moment is ∼ 0.8 µ B /f.u. In other words, this material is a nearly compensated ferrimagnet with a Curie temperature T c over 800 K. 26 The tetragonal structure induces a uniaxial magnetic anisotropy, where the c-axis is the easy axis. 24 The D0 22 structure is identical to that of tetragonally-distorted D0 3 , which is a class similar to the L2 1 Heusler structure;
thus, D0 22 Mn 3 Ge is also known as a tetragonal Heusler-like compound, as is Mn 3 Ga.
27
The growth of epitaxial films of D0 All-optical measurement for the time-resolved magneto-optical Kerr effect was employed using a standard optical pump-probe setup with a Ti: sapphire laser and a regenerative amplifier. The wavelength and duration of the laser pulse were approximately 800 nm and 150 fs, respectively, while the pulse repetition rate was 1 kHz. The pulse laser beam was divided into an intense pump beam and a weaker probe beam; both beams were s-polarized.
The pump beam was almost perpendicularly incident to the film surface, whereas the angle of incidence of the probe beam was ∼ 6
• with respect to the film normal [ Fig. 1(b) ].
Both laser beams were focused on the film surface and the beam spots were overlapped spatially. The probe and pump beams had spot sizes with 0.6 and 1.3 mm, respectively.
The Kerr rotation angle of the probe beam reflected at the film surface was analyzed using a Wollaston prism and balanced photodiodes. The pump beam intensity was modulated by a mechanical chopper at a frequency of 360 Hz. Then, the voltage output from the Out-of-plane normalized hysteresis loop of the Kerr rotation angle φ k measured for the sample.
photodiodes was detected using a lock-in amplifier, as a function of delay time of the pumpprobe laser pulses. The pump pulse fluence was ∼0.6 mJ/cm 2 . Note that the weakest possible fluence was used in order to reduce the temperature increase while maintaining the signal-to-noise ratio. A magnetic field H of 1.95 T with variable direction θ H was applied using an electromagnet [ Fig. 1 (b) ].
The c-axis-oriented Mn 3 Ge epitaxial films were grown on a single-crystalline (001) MgO substrate with a Cr seed layer, and were capped with thin MgO/Al layers at room temperature using a sputtering method with a base pressure below 1×10 −7 Pa. The characteristics of a 130-nm-thick film with slightly off-stoichiometric composition (74 at% Mn) deposited at 500
• C are reported here, because this sample showed the smallest coercivity (less than 1 T) and the largest saturation magnetization (117 emu/cm 3 ) of a number of films grown with various thicknesses, compositions, and temperatures. These properties are important to obtaining the data of time-resolved Kerr rotation angle φ k with a higher signal-to-noise ratio, because, as noted above, Mn 3 Ge films have a large perpendicular magnetic anisotropy field and a small Kerr rotation angle. 30 Figure 1(c) displays an out-of-plane hysteresis loop of φ k obtained for a sample without pump-beam irradiation. The loop is normalized by the saturation value φ k,s at 1.95 T. The light skin depth is considered to be about 30 nm for the employed laser wavelength, so that the φ k value measured using the setup described above was almost proportional to the out-of-plane component of the magnetization M z within the light skin depth depth. The loop shape is consistent with that measured using a vibrating sample magnetometer, indicating that the film is magnetically homogeneous along the film thickness and that value of φ k /φ k,s approximates to the M z /M s value.
Figure 2(a) shows the pump-pulse-induced change in the normalized Kerr rotation angle
as a function of the pump-probe delay time ∆t with an applied magnetic field H perpendicular to the film plane. ∆φ k /φ k,s decreases quickly immediately after the pump-laser pulse irradiation, but it rapidly recovers within ∼2.0 ps. This change is attributed to the ultrafast reduction and ps restoration of M s within the light skin depth region, and is involved in the process of thermal equilibration among the internal degrees of freedom, i.e., the electron, spin, and lattice systems. 32 . After the electron system absorbs light energy, the spin temperature increases in the sub-ps timescale because of the heat flow from the electron system, which corresponds to a reduction in M s . Subsequently, the electron and spin systems are cooled by the dissipation of heat into the lattices, which have a high heat capacity. Then, all of the systems reach thermal equilibrium. This process is reflected in the ps restoration of M s . Even after thermal equilibrium among these systems is reached, the heat energy remains within the light skin depth region and the temperature is slightly higher than the initial value. However, this region gradually cools via the diffusion of this heat deeper into the film and substrate over a longer timescale. Thus, the remaining heat causing the increased temperature corresponds to the small reduction of ∆φ k /φ k,s after ∼ 2.0 ps.
With increasing θ H from out-of-plane to in-plane, a damped oscillation becomes visible in the ∆φ k /φ k,s data in the 2-12 ps range [ Fig. 2(b) ]. Additionally, a fast Fourier transform of this data clearly indicates a single spectrum at a frequency of 0.5-0.6 THz [ Fig. 2(c) ].
These damped oscillations are attributed to the temporal oscillation of M z , which reflects the damped magnetization precession, 23 because the z component of the magnetization precession vector increases with increasing θ H . Further, the single spectrum apparent in Fig. 2(c) indicates that there are no excited standing spin-waves (such as those observed in thick Ni films), even though the film is thicker than the optical skin depth.
Ferrimagnets generally have two magnetization precession modes, i.e., the FMR and exchange modes, because of the presence of sub-lattices. 33 In the FMR mode, sub-lattice magnetization vectors precess while maintaining an anti-parallel direction, as illustrated in Fig. 1(b) , such that their frequency is independent of the exchange coupling energy between the sub-lattice magnetizations. On the other hand, the sub-lattice magnetization vectors are canted in the exchange mode; therefore, the precession frequency is proportional to the exchange coupling energy between them and is much higher than that of the FMR mode.
As observed in the case of amorphous ferrimagnets, the FMR mode is preferentially excited when the pump laser intensity is so weak that the increase in temperature is lower than the ferrimagnet compensation temperature. 34 No compensation temperature is observed in the bulk Mn 3 Ge. 25, 26 Also, the temperature increase in this experiment is significantly smaller than T c because the reduction of M s is up to 4 %, as can be seen in Fig. 2(a) . Therefore, the observed magnetization precession is attributed to the FMR mode. Further, as the mode excitation is limited to the light skin depth, the amplitude, frequency, and etc., for the excited mode are dependent on the film thickness with respect to the light skin depth. This is because the locally excited magnetization precession propagates more deeply into the film as a spin wave in cases where f FMR is in the GHz range. 23 Note that it is reasonably assumed that such a non-local effect is negligible in this study, because the timescale of the damped precession discussed here (∼1-10 ps) is significantly shorter than that relevant to a spin wave with wavelength comparable to the light skin depth (∼100 ps).
The FMR mode in the THz-wave range is quantitatively examined below. When the exchange coupling between the sub-lattice magnetizations is sufficiently strong and the temperature is well below both T c and the compensation temperature, the magnetization dynamics for a ferrimagnet can be described using the effective Landau-Lifshitz-Gilbert equation
where m is the unit vector of the net magnetization parallel (anti-parallel) to the magnetization vector M II (M I ) for the Mn II (Mn I ) sub-lattice [ Fig. 1(b) ]. Here, the spatial change of m is negligible, as mentioned above. H eff k is the effective value of the perpendicular magnetic anisotropy field including the demagnetization field, even though the demagnetization field is negligibly small for this ferrimagnet (4πM s = 1.5 kOe). Further, γ eff and α eff are the effective values of the gyromagnetic ratio and the damping constant, respectively, which are defined
respectively, using the gyromagnetic ratio γ I(II) and damping constant α I(II) for the sublattice magnetization of Mn I(II) . In the case of H eff k ≫ H, f FMR and the relaxation time of the FMR mode τ FMR are derived from Eq. (1) as
Here, H z is the normal component of H. Figure 3(a) shows the H z dependence of the precession frequency f p . This is obtained using the experimental data on the oscillatory part of the change in ∆φ k /φ k,s via least-square fitting to the damped sinusoidal func- Fig. 3(a) ]. The γ eff value is close to 2.80 GHz/kOe for the free electron. The value of H eff k is equal to the value determined via static measurement (198 kOe) 30 within the accepted range of experimental error. Thus, the analysis confirms that the THz-wave range FMR mode primarily results from the large magnetic anisotropy field in the Mn 3 Ge material. The α eff values, which are estimated using the relation α eff = 1/2πf p τ p following Eq. (3), are also plotted in Fig. 3(a) . The experimental α eff values are independent of H z within the accepted range of experimental error, being in accordance with Eq. to λ 2 SO D(E F ), where λ SO is the spin-orbit interaction constant and D(E F ) is the total density of states at the Fermi level. 37 The theoretical values of D(E F ) for the above materials are roughly identical, because of the similar crystal structures and constituent elements, even though the band structures around at the Fermi level differ slightly, as mentioned at the beginning. 18, 29 Furthermore, the spin-orbit interactions for Ga or Ge, depending on the atomic number, may not differ significantly. Thus, the difference in α eff for these materials can be understood qualitatively in terms of the Kambersky mechanism. Further discussion based on additional experiments is required in order to obtain more precise values for α eff and to examine whether other relaxation mechanisms, such as extrinsic mechanisms (related to the magnetic inhomogeneities), must also be considered.
Finally, the excitation mechanism of magnetization precession in this study is discussed below, in the context of a previously proposed scenario for laser-induced magnetization precession in Ni films. 23 The initial equilibrium direction of magnetization θ is determined by the balance between H and H eff k [ Fig. 1(b) ]. During the period in which the three internal systems are not in thermal equilibrium for ∆t <∼2.0 ps after the pump-laser irradiation [ Fig. 2(a)] , not only the value of M s , but also the value of the uniaxial magnetic anisotropy, i.e., H eff k , is altered. Thus, the equilibrium direction deviates slightly from θ and is restored, which causes magnetization precession. This mechanism may be examined by considering the angular dependence of the magnetization precession amplitude. Because the precession amplitude may be proportional to an impulsive torque generated from the modulation of H Fig. 3(b) . The measured data match the above relation, which supports the above-described scenario. Although ζ could be determined via the magnitude and the period of modulation of H eff k , it is necessary to consider the ultrafast dynamics of the electron, spin, and lattice in the non-equilibrium state in order to obtain a more quantitative evaluation; 38, 39 this is beyond the scope of this report.
In summary, magnetization precessional dynamics was studied in a D0 22 Mn 3 Ge epitaxial film using an all-optical pump-probe technique. The FMR mode at f FMR up to 0.56 THz was observed, which was caused by the extremely large H 
